The connection between accretion and jet production in accreting white dwarf binary systems, especially dwarf novae, is not well understood. Radio wavelengths provide key insights into the mechanisms responsible for accelerating electrons, including jets and outflows. Here we present densely-sampled radio coverage, obtained with the Arcminute MicroKelvin Imager Large Array, of the dwarf nova SS Cyg during its February 2016 anomalous outburst. The outburst displayed a slower rise (3 days mag −1 ) in the optical than typical ones, and lasted for more than 3 weeks. Rapid radio flaring on timescales <1 hour was seen throughout the outburst. The most intriguing behavior in the radio was towards the end of the outburst where a fast, luminous ("giant"), flare peaking at ∼20 mJy and lasting for 15 minutes was observed. This is the first time that such a flare has been observed in SS Cyg, and insufficient coverage could explain its non-detection in previous outbursts. These data, together with past radio observations, are consistent with synchrotron emission from plasma ejection events as being the origin of the radio flares. However, the production of the giant flare during the declining accretion rate phase remains unexplained within the standard accretion-jet framework and appears to be markedly different to similar patterns of behavior in X-ray binaries.
INTRODUCTION
Dwarf novae (DNe) are binary systems containing a non-magnetic (B surface < 10 6 G) white dwarf actively accreting from a Roche lobe-filling main-sequence companion via an accretion disk (Warner 1995) . All known DNe undergo episodic outbursts, which last between a few days and a few years, recur between 10 days and several decades, and result in brightening by 2-8 magnitudes in the optical (e.g. Coppejans et al. 2016a) . The disk instability model, in which the accretion disk cycles between cool quiescent states and hot outburst states, provides a consistent framework for explaining these outbursts (e.g. Osaki 1974; Meyer & Meyer-Hofmeister 1981; Lasota 2001) . DN outbursts seem to be analogous to Xray binary (XRB) outbursts (e.g. Kuulkers, Howell & van Paradijs 1996) , and the similarities between their hardness-intensity diagrams (disk-fraction luminosity diagram, or DFLD, in the case of DNe) together with the presence of transient radio emission suggests that the connection between the outburst phase and the radio (jet) emission could be similar as well (Körding et al. 2008 ).
While some classes of accreting white dwarf systems, such as symbiotic stars, and magnetic cataclysmic variables, were detected in the radio 1 , DNe were, until recently, thought to be weak radio emitters (e.g. Soker & Lasota 2004) . Even for the few DNe that were detected in the radio during outbursts, the detection was not reproducible (e.g. Benz, Fuerst & Kiplinger 1983; Benz, Güdel & Mattei 1996) . Coppejans et al. (2015) and Coppejans et al. (2016b) showed that many of the non-magnetic accreting white dwarf systems are faint ( 0.1 mJy) and variable on ∼hours timescales in the radio, and that the sensitivities, time-resolutions or timing of previous observations were insufficient to detect these fainter systems. DNe have now been shown to be repeating radio emitters during outbursts (Coppejans et al. 2016b; Russell et al. 2016) . The brightness temperature from VLBI imaging, the out-burst track in the DFLD, the radio spectral indices, and the shape of the radio light curves have been used to argue in support of synchrotron emission from a transient jet as the cause of the radio emission during DNe outbursts (Körding et al. 2008; Russell et al. 2016; Coppejans et al. 2016b) .
The quintessential DN, SS Cyg, is one of the best studied systems of its class across the electromagnetic spectrum. This system consists of a ∼1 M white dwarf with a K5V companion, with the inclination of the binary being close to 45 o (North et al. 2002; Körding et al. 2008 ). The precise VLBI parallax distance measurement 2 of 114 ± 2 pc (Miller-Jones et al. 2013 ) allows the study of the energetics of this system at a level of precision impossible to achieve for most accreting systems. Long-term optical monitoring of SS Cyg has revealed regular outbursts lasting ∼5-20 days and recurring on timescales between ∼20-60 days (Cannizzo & Mattei 1992) . The majority of the outbursts have rise and decay rates (in the optical) that are remarkably similar from one outburst to another, and scattered around 0.5 days mag −1 and 2.5 days mag −1 respectively. About 10% of the outbursts, referred to as "anomalous", exhibit a slow rise of 1.5 days mag −1 in the optical (Cannizzo & Mattei 1998) . X-ray and ultraviolet observations suggest that accretion in SS Cyg (and similarly in other dwarf novae) occurs via a "boundary region" between the inner accretion disk and the surface of the white dwarf. The boundary region becomes optically thick at X-ray frequencies at the onset of an outburst and may play a role in jet production in SS Cyg (Wheatley et al. 2003; Russell et al. 2016) . Analogous to XRBs, SS Cyg is expected to have a steady jet during the rise phase of an outburst and discrete plasma ejection after the subsequent spectral softening (Körding et al. 2008; Miller-Jones et al. 2011) .
In February 2016, SS Cyg underwent an anomalous outburst, which lasted for about 3 weeks (at V>11 mag). The outburst showed a slow rise of about 3 days mag −1 in the optical for one week and then transformed into a standard broad outburst before reaching the peak. Here, we report on high-cadence radio observations of this anomalous outburst of SS Cyg. In §2 we describe the optical, radio and X-ray observations, and present our analysis and discussion in §3.
OBSERVATIONS AND DATA PROCESSING

Optical
We requested close monitoring of SS Cyg and immediate submission of observations to the American Association of Variable Star Observers (AAVSO; Special Notice #412, Alert Notice 536) in order to catch the rise phase of the outburst and obtain a well-sampled optical light curve. Good sampling at the beginning of the outburst was necessary for triggering the radio observations (see below). The data were downloaded from the AAVSO website 3 . We used the V band magnitudes for our analysis. The optical light curve is shown in Figure 1 .
Radio
We monitored the AAVSO light curve, and once the optical light curve reached 11.5 mag in the pre-validated V band (on 2016 Feb 11), we triggered the Arcminute MicroKelvin Imager Large Array (AMI-LA; Zwart et al. 2008 ) radio telescope. Observations were made with the new digital correlator having 4096 channels across a 5 GHz bandwidth between 13-18 GHz. SS Cyg was monitored for about 10 hours every day throughout the ∼3 weeks of outburst. The phase calibrator, J2153+4322, was observed every 12 minutes for about 1.5 minutes. The log of AMI-LA observations is given in Table 1 .
The AMI-LA data were binned to 8×0.625 GHz channels and processed (RFI excision and calibration) with a fully-automated pipeline, AMI-REDUCE (e.g. Davies et al. 2009; Perrott et al. 2013) . Daily measurements of 3C48 and 3C286 were used for the absolute flux calibration, which is good to about 10%. The calibrated amplitudes for J2153+4322 showed variability of 20% (peak-to-peak) around the mean of 250 mJy at 15.5 GHz within each 10-hour observing block. This variability in the complex gain calibrator is likely a combination of unmodeled gain variations and pointing errors 4 . Hence we recalibrated the data using fixed values for the flux density (S15.5GHz = 260 mJy) and spectral index (α = −0.15; S ∝ ν α ) of J2153+4322, which are our best estimates based on our knowledge of the instrument and the data. Conservative uncertainties in these estimates are 5% (flux density) and 0.1 (spectral index), and hence we conclude that the error in flux density is dominated by the absolute flux scale uncertainty. While there are no published 15 GHz flux density measurements for J2153+4322, the flux density and the spectral index that we have used are consistent with its 8.4 GHz flux densities measured in 2011
5 . The calibrated and RFI-flagged data were then imported into CASA. Since the AMI-LA synthesized beam is approximately 30 , the ∼1 mJy radio source 22.3 to the North-West of SS Cyg causes confusion and had to be subtracted from the UV plane. We used the interactive mode of CASA clean to define a restricted clean box at the coordinates of the confusing source (the clean box does not overlap with the location of SS Cyg) and derived a model for each AMI-LA observation. We then loaded and subtracted the model from the CASA measurement sets using the tasks ft and uvsub. We then split each 10-hour observation into shorter intervals as needed, according to the variability seen in the source, and imaged each interval using CASA clean. The flux density of SS Cyg was measured in the resulting 512×512 pix 2 (4 pix −1 ) images using the pyfits module.
The AMI-LA light curve is shown in Figure 1 . We present a discussion of it in §3.
X-ray
A 1 ks Swift XRT observation 6 was carried out on 2016 Feb 18.136 (start time; MJD 57436.136). In 971.7 s of data, we detect a count rate of 1.887±0.049 per second in the 0.3-10 keV band. The X-ray observation was not strictly simultaneous with any optical or radio observations.
A multi-temperature plasma emission model is often used to describe the X-ray spectra of dwarf novae, in which the boundary layer is heated to ∼10 8 K during outburst (e.g. Wheatley et al. 2003; Pandel et al. 2005) . Accordingly, we fit a cemekl model (the emission measures in this model follow a power law in temperature up to a certain maximum; Done & Osborne 1997) to the binned XRT spectrum using XSpec and obtained a maximum temperature of 19.6 +7.0 −4.3 keV. In the 0.5-10 keV, 1-10 keV, and 2-10 keV bands, this model has a flux of 6.5, 5.5, and 4.3 (×10 11 ) erg s
respectively. At a distance of 114 pc, we get a luminosity of LX = 1.7 × 10 31 erg s −1 in the 1-10 keV band.
RESULTS & DISCUSSION
Our AMI-LA observations of SS Cyg during the February 2016 anomalous outburst represent the most densely-sampled radio coverage of any dwarf nova thus far. The radio light curve at 15.5 GHz is shown in Figure 1 along with the optical light curve. Our radio coverage began as soon as the optical light curve reached V = 11 mag. (on 11 February 2016), and we find evidence for radio emission from SS Cyg right from our first observation, at a 15.5 GHz flux density of 57±17 µJy. Our previous AMI-LA observation from 02 February gave a non-detection, with a 2σ upper limit 7 of 86 µJy. We do not detect any significant intra-day and inter-day variability in the observations carried out between 11-13 February (MJD 57429-57431).
We detected significant variability on ∼hour timescales starting on 14 February. A comparison with a "normal" optical outburst (grey points in Figure 1 ) suggests that the flaring started when the normal optical outburst would have been expected to begin. Further observations are necessary to verify whether this is indeed the case during a normal optical outburst. The first flare occurred towards the end of our AMI-LA observation carried out on 14 February (MJD 57432.6726), at a peak flux density of 204 ± 34 µJy at 15.5 GHz. Subsequently, a series of rapid flares, with rise times between 5-30 minutes were seen throughout the outburst. While the majority of the radio flares peaked at sub-mJy flux densities, we detected a very luminous flare towards the end of the outburst, peaking at 18.0 ± 0.4 mJy at 15.5 GHz and lasting for only ∼15 minutes. The radio light curves at 14.25 GHz and 16.75 GHz 8 for this fast luminous flare ("giant" flare) are shown in Figure 2 . There is some evidence of radio brightening of SS Cyg towards the end of the April 2007 and April 2016 outbursts as well (Körding et al. in prep, Miller-Jones et al. in prep) , which may suggest the presence of such a giant flare is a common feature of outbursts in SS Cyg. If so, then such a flare could have been missed in the majority of the past radio observations (those reported by Russell et al. 2016) due to their much sparser time coverage. Overall, during the outburst, the radio emission lasted for 3 weeks (11 February to 02 March 2016, i.e. MJD 57432-57449; above our 2σ detection threshold of ∼40 µJy).
The initial radio flares, seen over a span of ∼1 week (between MJD 57432 and 57439), had rise times of tens of minutes and at peak they had an optically thick spectrum at 15.5 GHz. Each successive flare was seen to have a peak flux density higher than the previous one. If this flaring activity is related to plasma ejection events, then the optically thick spectrum (with 0 α 16.8GHz 14.2GHz
2) suggests that the particle acceleration time is shorter than the expansion timescale of the ejected blobs. This initial set of flares, which continued into the peak/flattening of the optical light curve, was followed by a few days where the radio emission was fairly steady or rising gradually. The 15.5 GHz flux density was between 100-200 µJy during this phase. This steady period may be related to the "plateau" phase seen during past radio observations of SS Cyg (e.g. Körding et al. 2008; Russell et al. 2016) , although the coverage of these previous observations was very sparse. Between MJD 57443 and 57446, the flaring activity resumed and during this period the overall spectrum at the flare peak was optically thinner than the earlier flares. In general, the flare peaks are short lived and hard to define, but probably represent optically thick to thin transition 9 . The multiple radio flares seen throughout the outburst are unlikely to be caused by the source crossing the "jet line" multiple times, given the evolution in the DFLD (Körding et al. 2008) , and may be either due to internal shocks, external shocks, or multiple discrete ejections not tied to any specific jet line.
In the first two hours of the AMI-LA observation on 29 February (MJD 57447.31), SS Cyg was at or below 150 µJy. On MJD 57447.4 we detected the onset of the giant flare (Figure 2) . After a gradual increase in flux density to 1.5 mJy, the giant flare reached its peak in ∼5 minutes (e-folding timescale of ∼1.5 minutes). The implied variability brightness temperature is TB > 10 7 K, which is comparable to or even greater than that seen in flares from magnetic CVs. This value can also be compared with the lower limits to the brightness temperature placed from VLBA observations, 5.4 × 10 6 K, and previously observed radio variability, 5.5×10 3 K (Russell et al. 2016) . The TB of the giant flare and other radio flares detected during the outburst is consistent either with a synchrotron origin of the flares, as noted by previous works (Körding et al. 2008; Russell et al. 2016 ), or with a coherent source of emission. Recently, 100% circularly polarized radio flares were detected in nova-like cataclysmic variables (Coppejans et al. 2015) , indicating coherent emission. We can neither confirm nor rule out the coherent mechanism hypothesis through our radio observations since the AMI-LA does not provide any polarization information. The time resolution and sensitivity of the AMI-LA data are sufficient to (temporally) resolve the giant flare and get reliable spectral indices. During the rise phase of the giant flare, the spectral index (α 16.8GHz 14.2GHz ) is 0.8 ± 0.4 (MJD 57447.4042; S15.5GHz = 6.9 ± 0.3 mJy), which increases to 2.8 ± 0.3 (MJD 57447.4047; S15.5GHz = 10.5 ± 0.4 mJy), consistent with a fully self-absorbed synchrotron source. Beyond this maximum in the spectral index, the spectrum between 13-18 GHz evolves towards becoming optically thin. At the peak of the giant flare (MJD 57447.4064, S15.5GHz = 18.1 ± 0.4 mJy), the spectral index is 1.4 ± 0.2, and then decreases to a minimum of −1.0 ± 0.2 (MJD 57447.4081; S15.5GHz = 13.7 ± 0.4 mJy) during the decay of the flare. At MJD 57447.4103, another mJy-level flare, optically thin and peaking at 3.9 ± 0.3 mJy at 16.75 GHz, is detected and may have a delayed, less-luminous, counterpart at 14.25 GHz at 57447.4125 (see Figure 2) . Overall, the behavior of the radio emission at frequencies between 14.25 GHz and 16.75 GHz is consistent with the adiabatic expansion of a synchrotron-emitting plasma blob (van der Laan 1966) .
The question of why there was a giant radio flare towards the end of the outburst warrants some consideration. According to the disk instability model 10 , the material accreted from the companion star gradually builds up in the accretion disk until the temperature 9 Our default assumption, based on previous work (e.g. Russell et al. 2016) , is that this is synchrotron emission, but we discuss the possibility of coherent emission in the context of the giant flare below. 10 Although the DIM cannot explain anomalous outbursts very well (Schreiber et al. 2003) , the large flares occurs well after the slow-rise phase, once the outburst has apparently transitioned into a normal outburst. increases to the critical point to drive the hydrogen ionization instability, thereby transporting the accretion disk material rapidly onto the surface of the white dwarf. During outburst, the X-ray emission rises at a similar time as the optical, and this is attributed to the material reaching the boundary layer. The boundary layer becomes optically thick and quenches the X-ray radiation while the extreme UV radiation rises rapidly (Wheatley et al. 2003) . Residual X-ray emission persists through the outburst phase. Our X-ray observation was carried out soon after the optical light curve reached peak (MJD 57436.14). The 1-10 keV luminosity, 1.7 × 10 31 erg s −1 , is in agreement with past observations during this phase of the outburst. At the end of the optical and ultraviolet decay phases, the Xray emission rises gradually, and later fades back to quiescent levels (Wheatley et al. 2003; Russell et al. 2016) . During the phase when the optical and UV emission are declining, the accretion rate is expected to drop substantially. Hence the "giant" flare, seen towards the end of the outburst, is intriguing. If the giant flare is due to the ejection of plasma blob(s), then the large amplitude of the radio flare during this decay phase remains unexplained. A comparison between our observations and a normal optical outburst suggests that the giant flare occurs either slightly before or right at the start of the X-ray increase at the end of the outburst (see, e.g. Wheatley et al. 2003; Russell et al. 2016 ), 2-3 days before the peak of the Xray emission. This suggests that the giant flare is not driven by the large change in the optical depth of the boundary layer. Although the magnetic field of the white dwarf in SS Cyg is not high, it is possible that something like the propeller effect or magnetic reconnection takes over as the accretion rate is falling and generates an outflow of gas (e.g. in cases of AE Aqr and VW Hyi; Wynn, King & Horne 1997; Warner & Woudt 2002; Meintjes & de Jager 2000) , and hence a luminous flare in the radio. Since the isotropic 15.5 GHz luminosity at the peak of the giant flare (and α 16.8GHz 14.2GHz 1) is ∼ 10 27 erg s −1 , this flare may be consistent with the LR to LX relationship (using an estimate of the X-ray luminosity from Wheatley et al. 2003 ) seen for black hole systems (see figure 9 of Russell et al. 2016) , albeit for a very short period of time.
Lastly, we would like to highlight the importance of denselysampled radio coverage, without which the rapid flares and the giant radio flare (which had a duration of 15 minutes) towards the end of SS Cyg's outburst would have remained unknown. The 200 hours of observing presented here may not be feasible with telescopes like the SKA or its pathfinders, and this underscores the need for interferometers like the AMI-LA to be operational in the era of large telescopes. Niche areas of astronomy will continue to be accessible only with such small radio interferometers. We extend special thanks to Stella Kafka for coordinating the optical observations on behalf of AAVSO, and to all the diligent AAVSO observers who contributed to the optical light curve. We thank the AMI and Swift staff for scheduling the radio and X-ray observations. We also thank the anonymous referee for provinding useful comments. 
